SUMMARY
A "FnSOI mutant of Psemlomonas aemginosa resistant to imipenem and lacking the imipenemspecific outer membrane porin protein OprD was isoli:~ed. The mutation could be complemented to imil_,:nem susceptib:,:,it,/ and OprD-sufficicncy by a cloned 6kb EcoRI-Psti fragment of DNA from the region of chromosome of the wild-type strain .'.urrounding the site of Tn501 insertion. However, this fragment did not contain the oprD structural gene as judged by its inability to hybridize with an oligonuclcotide corresponding to the N-terminal amino acid sequence of OprD. DNA sequencing of 3.9 kb of the region surrounding the TnSOi insertion site revealed three large open reading frames, one of which would be interrupted by the TnSO! insertion in the mutant. This latter open reading frame, named opdE (for putative regulator of oprD expression), predicted
Correspondence to: R.E.W. Hancock, Department of Microbiology, University of British Columbia, Vancouver, British Columbia, Canada V6T IZ3. a hydrophobic protein of M, 41592. Using the above-mentioned oligonucleotide, the oprD structural gcne was cloned and expres~d in Esdwrichia colt on a 2.l-kb Bam HI-Kpn I fragment. DNA sequencing predicted a 421) amino acid mature OprD protein wi:h a 23 amino acid signal sequence.
INTRODUCTION
lmipenem is a new broad spectrum carbapcnem ~-Iactam antibiotic that is highly active against Pseudomonas aemginosa [I] . However, during clinical therapy of P. aenlginosa, imipcnem-resistant isolates arise at a significant rate [2] . The major cause of resistance is loss of a specific outer membrane protein OprD (formerly called D2) [2, 3] . Interestingly, oprD mutants are not cross-resistant to other clagses of /3-1actam antibiotics. Instead resistance is limited to the zwitterionic carbapenem antibiotics [2, 4] . This was explained by Trios, Nikaido and colleagues [4] [5] [6] who demonstrated that OprD was an imipencmand basic amino acid-specific, channel-forming protein, by virtue of its possession of a specific binding site in its channel.
In this communication, we have cloned and sequenced two sets of sequences which influence the expression of the oprD gene. One of these has been shown to be the oprD gene. Some of the data described here were originally presented in outline at the American Society of Microbiology Annual Meeting, 1990 (Abstract No. D-40).
MATERIALS AND METHODS

!. Bacteria/strains and nwdia
P. aernginosa PA(II strain HI03 [7] was used as the wild-type strain and source of wild-type DNA. Strain H673 was isolated by transposon mutagenesis with Tn501, as previously described [7] , and selection for resistance to 50 /.tg ml-~ mercuric chloride and 8 #g ml-' imipcnem. Escherichia colt DH'~a (BRL, Bethesda, MD) was used as the host strain for cloning experiments. OprD was expres~d in E. colt strain CEI248 [8]; a strain with mutations preventing the production of porins OmpF, OmpC (due to an ompB mutation), and PhoE. Luria broth (1% Bacto-tryptone, 0.5% yeast extract), containing 1% NaCI for E. colt, was used as the liquid medium, and, when solidified with 2% Bacto-agar, was used as the solid medium.
Clonbzg of the opdE gene
in general, DNA procedures followed the protocols outlined by Sambrook et al. [9] with modifications described previously [10] . Chromosomal DNA was isolated from P. aeruginosa strain H673 and the Tn$Ol and flanking DNA was cloned as a ll.5-kb Pstl fragment into pTZI8R (USB, Cleveland, OH) to create plasmid pERI, using the method described previously [7] . A 2.7-kb Psi l-EcoRI fragment from pER I, comprising P. aen~ginosa DNA flanking Tn$Ol, was used as a hybridization probe to clone a 4.8-kb EcoRI flagmeat from the wild-type P. aeruginosa strain H 103 into plasmid pTZI8R to create plasmid pD2-29. This fragment, when subcloned into the mobilizable vector pRK767 [I 1] to create plasmid pD2-18E, failed to complement the mutation in H673. 
Cloning of the oprD gene
OprD was partially purified from P. aenlginosa PA01 strain HI03 grown in BM2 minimal medium containing succinate as a carbon source, using the protocol previously described for protein DI [12] . The protein was separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE [12] ), transferred to Immobilon paper and amino terminal sequenced by Sandy Kielland, University of Victoria, Canada [7] to yield the sequence D A FVS DQA EA KG F i E DS. Takinginto account codon bias in Pveudomonas aen~ginosa, a corresponding 29-mer oligonucleotide pool was deduced from amino acids 6-15. This was then radiolabclled with .~zp and used in a Southern hybridization analysis of P. aeruginosa PA{II chromosomal DNA that had been singly or pairwise digested with several restriction cndonuclcascs, following previously described protocols [7, 9] . A 2. l-kb Kpn I-Barn HI fragment was cloned, in both orientations relative to the lac promoter, into pTZI8R and pTZI9R to create plasmids pBKI8R (inverse orientation) and pBKI9R (correct orientation). A 4-kb EcoR! fragment was cloned in both orientations into pTZI8R to create plasmids pE37 (correct orientation) and pE65 (inverse orientation).
4. Sequencing and other as.says
DNA sequencing utilized an Applied Biosysterns Incorporated (ABI) (Foster City, CA) automated fluorescence sequenator and dye terminator chemistry as detailed in protocols from ABI. Both strands were sequenced using either timed exonuclease Ill digestions (Erase-a-base, Promega, Madison, WI) to create ordered deletions (for the oprD gene) or a combination of subcloning and building of oligonucleotide primers (for the opdR genc region) as detailed previously [9, 13] . Outer membranes [8, 12] and cell envelope proteins [13, 14] were isolated as previously described. SDS-PAGE [12] was performed as described previously. Antibiotic minimal inhibitory concentrations (MIC) were determined by the agar dilution method [2] .
RESULTS
in an attempt to mutagenizc the oprD gene, strain H673 opdE::TnSOi was isolated as detailed in MATERIALS AND METHODS. The MIC of imipenem for H673 was 12/.Lg ml-i, whereas the MIC for the parent strain HI03 was 1.5/~g ml t, and SDS-PAGE of outer membranes revealed that H673 was OprD-deficient (Fig. 2, lane 2) . MICs of ceftazidime (0.3 /.Lg ml-~) and norfloxacin (1.5 /zg ml -I) were unaltered by the mutation in strain H673. Therefore the region of the chromosome equivalent to that surrounding the transposon insertion site was cloned from the parent strain HI03 into the vector pRK767, to create plasmid pD2-18E containing a 4.8-kb EcoRl fragment, and plasmid pD2-45 containing an overlapping 6-kb EcoRI-Pst ! fragment. When mobilized back into strain H673 by triparental mating, pD2-45 was able to complement this strain to imipenem susceptibility (MIC = 1.5 p,g ml-') and OprD sufficiency (Fig. 2 , lane 4) whereas H673 (pD2-18E) and the vector plasmid containing strain H673 (pRK767) remained imipenem-resistant (MIC= 12 p,g ml -~) and OprD-deficient (Fig. 2, lane 3) . In no ca~ was ceftazidime or norfloxaein su~eptibility affected. It was at first assumed that the oprD gene had been cloned. However, ~quencing of 3931 bp of DNA surrounding the site of transposon in~rtion in strain H673 failed to reveal a sequence corresponding to the N-terminal amino acid sequence of OprD, and no open reading frame equivalent to an outer membrane protein (i.e. containing a signal sequence) was predicted, in addition, no new protein bands were observed in E. coil, containing plasmid pD2-45. Furthermore an oligonucleotide specific for the N-terminal sequence failed to hybridize to plasmid pD2-45 and indeed hybridized with sequences in the P. aeruginosa chromosome with an entirely different restriction pattern (cf. Fig. I, maps A and B) . These sequence data will appear in the EMBL data library under accession number ZI4064. large open reading frame (11 l0 bp, predicted to encode a 370 amino acid protein) was predicted, whereas a third open reading frame of greater than 747 bp (predicted by single-stranded sequencing past the EcoRl site to be 978 bp in length) was predicted to be encoded by the complementary strand. These sequences, called orf2 and orf3 (Fig. 1) , might also be involved in OprD expression since no obvious terminator appears between opdE and orf2, suggesting a potential operon structure, whereas the divergently transcribed orf3 contained DNA required to complement the transposon mutation in H673, based on the above complementation studies. A screen of the EMBL Swiss pro database failed to reveal genes homologous to any of these three reading frames.
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The oprD gene was cloned as a sequence homologous to an N-terminal-specific oligonucleotide probe. A 2.I-kb KpnI-BamH! fragment cloned in plasmid pBKI9R in the same orientation as the lac promoter revealed expression in E. coil of a cell envelope protein migrating with the same mobility as OprD (Fig. 2, lanes 8, 9) .
When cloned in the inverse orientation to the lac promoter in pBKI8R (Fig. 2, lane I I) , only weak expression was observed. Strong expression was almost certainly driven by the lac promoter since it was isopropylthiogalactoside-inducible (data not shown). The vector controls (Fig. 2, lanes 7 and  10) , plasmidless control (Fig. 2, lane 6) or plasmids pE37 (Fig. 2, lane 12) or pE65 containing a 4-kb EcoR! insert (that proved not to contain the entire gene) did not result in production of a band of equivalent M r to OprD. The 2.I-kb Kpnl-BamHi fragment containing oprD was sequenced (Fig. 4) . Within this fragment, a 443 amino acid protein was predicted. Amino acids 24-40 were identical in sequence to the N-terminal sequence obtained from the purified protein, whereas the first 23 amino acids had features typical of a bacterial signal sequence. The 420-amino acid sequence of the mature protein predicted certain typical features observed for other outer membrane proteins including overall negative charge and a typical [13] hy-drophobicity plot with alternating hydrophobic and hydrophilic stretches. However, less typical was the large number of stretches of uncharged amino acids [14] . with 10 stretches of between 9 and 15 amino acids in length. An attempt was o0¢D made to match the putative OprD sequence to other outcr membrane protein sequcnces obtained from P. oeruginosa [9, 13, 15] and to the OmpF and TolC porins from E. colt [14] , using the method of Neddleman and Wunsch [16] as AACTAGCCGTCACTGCGGCACTGTGATGGCAGAGATAATTTCAAAAC~CAATCACA ATG AAA GTG .... implemented by Dayhoff [ 17] with a bias parameter of 0 and a gap penalty of 4 with 10 random runs. The alignment scores obtained were 1.4, -0.5, 1.4, 2.6 and I.I for OprF. OprH, OprP and E. coli OmpF and TolC, respectively. None of these ,scores were considered significant above three standard deviations.
DISCUSSION
In this communication, we have described two sequences that influence the expression of OprD in Pseudomonas aetuginosa. One of these is the oprD gene itself. Although the cloning of this gene and its ability to complement mutants in P.
aen~ginosa has been reported [18] , no restriction map or nucleic acid sequence has appeared in the literature as yet. Interestingly, the mature OprD sequence has insignificant homology with the known P. aen~ginosa outer membrane protein sequences including the general porin OprF [9] , the phosphate-specific porin OprP [13] and the Mg2+-regulated protein OprH [15] or with two other porins from E. coli. coli, in contrast to the non-regulated oprF gone, but similar to the regulated oprP [13] and oprH genes [14] . in addition, it is known that the level of OprD observed in the outer membrane is influenced strongly by the growth medium and carbon source [12] . However, the exact function of the coding regions indicated in Fig. 3 will only be determined by further studies.
